We proposed a self-connected carbon nanofiber design for electrode in microbial bioelectrochemical system. This design was realized by direct growth of carbon nanofibers (CNFs) onto stainless steel (SSM) via a chemical vapor deposition process without addition of any external catalysts. In the CNFs-SSM composite electrode, the SSM acted as the conductive network and ensured efficient substrate and proton transfer, and the CNFs layer served as highly porous habitats for thick biofilm propagation. The current generated by the CNFs-SSM was 200 times higher than the bare SSM under the same experimental conditions. This provided a simple and promising method for preparation of electrode material with high performance and low-cost in bioelectrochemical system.
Introduction
Microbial bioelectrochemical system, such as microbial fuel cells (MFCs), is a promising technology for conversion of chemical energy from organic or inorganic chemicals to other kinds of energy by using electroactive bacteria. The great research interests on MFCs can be attributed to their ecofriendly and sustainable characteristics [1] , which possess double functions of waste removal and electricity generation. The promising applications of such electrochemical devices involve a broad field including wastewater treatments, hydrogen production [2] , remote power sources, desalination [3] , and biosensors. The anode in MFCs, which is related to the biofilm growth, plays a crucial role in the performance of MFCs. Various carbon-based materials had been widely employed for anodes in MFCs, such as graphite plate/rod, carbon cloth, carbon felt, carbon paper, reticulated vitrified carbon, and graphite brush, which had been summarized in [4] . Among these, carbon fiber type electrodes were promising anodes for MFCs due to their highly porous architecture. Recently, several new fiber electrodes were developed for anode in MFCs, such as carbon nanotube-textile [5] , conductive nanowires network [6] , and electrospun carbon fiber mat [7] , and had delivered a high current density. However, the direct connection of such electrodes to external circuit remains a big challenge. The fiber mat electrodes, for example, carbon/graphite felts, were bonded with a metal wire or onto a high conductive current collector (e.g., graphite plate or foil) by conductive binders in lab-scale running. Though this method could ensure a uniform and low resistance over the whole mat, only one side of fiber mat was available for microbe growth and thus was impractical for scale-up applications.
Metal materials, such as stainless steel (SS) materials, show excellent mechanical and electrical properties and environmental stability and are of low-cost and easy to be shaped and connected. SS materials had been widely used as cathode [8] or current collector of cathode [9] in MFCs. In one of our previous works, nitrogen-doped carbon nanofibers were self-connected to SSM and used as high performance binderfree cathode in MFCs [10] . The SS materials were also able to be used as anode in MFCs [11] , and its performance could be greatly improved by surface modification [12] [13] [14] [15] [16] . Anodes with fibers self-connected onto current collectors would be advantageous for MFCs in practical application, because their could combine the macroporous fiber configuration and high conductivity and mechanical strength stainless steel wire together.
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In this study, we proposed a self-connected carbon nanofiber anode design. This design was realized by assembly of thick layer of carbon nanofibers (CNFs) onto stainless steel mesh (SSM) (denoted as CNFs-SSM). The assembly of CNFs on SSM was realized by gas vapor deposition (CVD) process. The anodic performance and biofilm morphology of the CNFs-SSM were studied. The current generated by the CNFs-SSM was 200 times higher than the bare SSM under the same experimental conditions.
Materials and Methods
AISI 304 stainless steel mesh (SSM, 200 mesh) was treated in 1 M H 2 SO 4 for 4 h and then was washed with distilled water and dried up. The growth of CNFs onto SSM was conducted in a furnace with a quartz tube in the following steps: SSM was heated to 850 ∘ C for 30 min under N 2 atmosphere with flow rate of 100 cm 3 ⋅min −1 and then cooled down to about 750 ∘ C and at last acetylene gas was fed into the tube with flow rate of 10 cm 3 ⋅min −1 for 5 min and the furnace was left to naturally cool down to room temperature.
The inoculum was secondary biofilms which were selected from domestic wastewater (Qingshan, Nanchang, China) following previous report [17] . Anodes of SSM and CNFs-SSM were cut into pieces with size of 1 cm × 1 cm and connected with stainless steel wires. The electrochemical test experiments were carried out with computer controlled potentiostat (CHI1040B) which was equipped with eight channels in parallel using one Ag/AgCl reference electrode (saturated KCl, 0.198 V versus SHE) and one carbon felt counter electrode (4.5 cm 2 ). For the chronoamperometric (CA) measurement, a potential of +0.2 V (versus Ag/AgCl) was applied onto the working electrodes and the current was recorded. The current density results were normalized to the geometric area of an electrode. Because both side were available, the area of the electrodes of SSM and CNFs-SSM was 2 cm 2 . The cyclic voltammogram (CV) was recorded for turnover and nonturnover conditions. All experimental operations were conducted anaerobically at 35 ∘ C in 50 mM phosphate buffer solution (pH = 7.0) with 10 mM acetate substrate. All of the electrode potentials were versus Ag/AgCl (sat. KCl) reference electrode. The results were the average values obtained from three independent experiments.
The morphology characterizations were conducted under TESCAN VEGA 3 SEM. Before SEM characterization, the biofilms samples were treated by the following [17] : (a) 5 wt% glutaric aldehyde solution, (b) a series of ethanol aqueous solutions, and then (c) coating a layer of gold.
Results and Discussion
The growth of carbon nanotubes or carbon nanofibers on SSM via CVD in the presence or absence of foreign catalysts was widely reported for applications of contamination removal, catalyst supports, electrodes, and so on. The diameters of these materials were in the range of several or tens of nanometers. However, the report of growth of carbon fibers or tubes with diameter over 100 nm was very rare. As reported in our previous report, continuous biofilms were able to form in the carbon fiber mat anodes with fiber diameter in submicron scale (0.5-1 m) and displayed higher performance than that with larger or smaller fiber diameter [17] . In this paper, carbon nanofibers with diameter in the range of hundreds of nanometers were successfully grown onto SSM by CVD without using any foreign catalysts. As shown in Figures 1(c) and 1(d) , the thickness of carbon nanofiber layer grown on the SSM was more than 50 m. Detailed observation in Figure 1(d) revealed that the carbon fibers were solid but not hollow and had diameter of about 500 nm. The growth of such big carbon fibers on SSM could be attributed to the rough SSM surface that resulted by H 2 SO 4 and heat treatment. As indicated by arrows in the inset of Figure 1(a) , a number of particles in submicron size were formed on the SSM surface, which was likely to be the catalytic sites for the carbon nanofibers growth. The curved carbon nanofiber formed a macroporous architecture layer which was similar to the architecture of the electrospun carbon fiber mat anode in our previous report [7] .
The as-prepared CNFs-SSM was directly tested as anode in MFCs without using any current collector in a halfcell. As shown in Figure 2 (a), the bare SSM generated an ultralow current density of 0.0068 mA cm −2 . After growth of a thick layer of CNFs, the CNFs-SSM anode could generate a maximum current density of 1.28 mA cm −2 (Figure 2(b) ), which was nearly 200 times as that of acid treated SSM electrode and higher than the graphite rod anode with a current density of 0.9 mA cm −2 (Figure 2(c) ).
It should be noted that the area of the CNFs-SSM electrode includes the area of SSM matrix and the holes. If the current density normalized to the area of SSM matrix [10] , it would be 2.32 mA cm −2 . The great increase in current density comparing to the bare SSM was brought by the porous CNFs layers, which provided a more compatible surface for biofilms growth. Comparing to the previous result from electrospun carbon nanofiber mat [17] , the current density in this study was lower; the possible reason was that carbon fiber layer grown on the SSM was too thin and could not cover the holes in the SSM. The CVs of the CNFs-SSM anode were recorded under the turnover (with substrate) and nonturnover (without substrate) conditions, as shown in Figure 2(d) . It confirmed that the current generation was from the metabolism of biofilms on the CNFs-SSM anode.
The morphologies of biofilm on/in the SSM and CNFs-SSM were observed by SEM. For the SSM electrode, as shown in Figure 1(b) , only a few biofilms were grown at the junctions of two SSM wires, while much less were grown on the SSM wire surface. For the CNFs-SSM, as shown in Figures  1(d)-1(f) , the whole electrode was covered by thick biofilms. Figure 1(f) shows that a thick biofilm-CNF with thickness of 10.5 m was formed on the CNFs-SSM anode. It demonstrated that the layer of CNFs on the SSM greatly improved the microbial compatibility of the SSM. The biofilms-CNFs composite film likely ensured a rapid transfer of electrons from microbes to the SSM network. Thus, it can be confirmed that the current boost was brought by the macroporous CNFs layers.
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Conclusion
Self-connected anode of CNFs-SSM was prepared by CVD process without using external catalyst. The CNFs-SSM anode generated 200 times higher current than that of bare SSM. The current boost was attributed to the macroporous submicron carbon fiber layer, which provided a more compatible surface than bare SSM for biofilms propagation. This study provided a simple and promising method for preparation of high performance and low-cost electrode material for bioelectrochemical system like MFCs.
